In this study, rapid and sensitive detection of human immunodeficiency virus (HIV)-1 was performed based on immunoreactions with an Au nanodot fabricated indium tin oxide (ITO) substrate using surface-enhanced Raman spectroscopy (SERS). Highly ordered Au nanodots (ca. 20 nm) were electrochemically fabricated over a large surface area (20 mm × 10 mm) of an ITO substrate using a simple deposition method with Triton X-100. On the Au nanodot surface, monoclonal antibody fragments against gp120 were selectively bound by gold-sulfur interactions. Various concentrations (35 fg/mL to 350 pg/mL) of HIV-1 virus-like particles (HIV-1 VLPs) were used for the measurements. The presence of HIV-1 VLPs was rapidly (within 5 s) and successfully determined by SERS due to specific immunoreactions on the Au nanodots without the use of labeling probes. The results showed the possibility of using SERS-related methods as a new immunoassay for the study of biomolecular interactions and detection of low viral loads. Moreover, based on its high sensitivity and chemical specificity, SERS could be used as a promising clinical tool for detecting infectious small biological components.
INTRODUCTION
Viruses are one of the main agents that cause highly destructive diseases in plants and animals. 1 Among these infectious viruses, human immunodeficiency virus (HIV) is a well-known major variant that causes acquired immunodeficiency syndrome (AIDS) in humans and prevents the immune system from effectively fighting life-threatening infections. 2 Since AIDS was acknowledged by the U.S. Centers for Disease Control and Prevention 20 years ago, various studies have been performed to understand and find a cure for AIDS; this effort has also led to intensive studies on HIV. 3 The main molecular structures of HIV particles have been identified, as have the replication factors and cycle, biochemical specificity and immunosuppressive properties of this virus. 4 Viral infections, such as HIV infections, often present generic symptoms that are difficult to distinguish from those associated with the common cold or fevers and are hard to diagnose at an early stage. Thus, sensors that can provide early viral detection would allow physicians to prescribe more effective treatments. Therefore, the rapid recognition of viruses is important for human health. However, conventional detection methods, such as enzyme-linked immunosorbent assays (ELISAs), 5 PCR 6 or serologic tests, do not have the required sensitivity levels; 7 moreover, these methods are resource-intensive and tedious to perform. 8 To overcome these limitations, various new viral detection methods have been developed, such as micro-cantilever and electrochemically based procedures. However, these methods also have drawbacks. For example, quartz crystal microbalance sensor-based DNA hybridization has low sensitivity and uncontrolled responses, and it is not easily integrated with other methods. 9 10 Comparatively, impedance and voltammetry-based methods are more robust and have simpler operation; however, these methods require the labeling of a mediator for more sensitive detections. 11 Thus, there is a significant interest in the development of rapid, sensitive and accurate viral sensors.
Raman spectroscopy has been used with increasing frequently in the fields of analytical chemistry, food safety and biological sciences for purposes such as bimolecular 12 13 Due to its specificity, Raman scattering is a powerful molecular identification tool. However, classical Raman spectroscopy has scattering and signals too weak for the sensitive quantitative analysis required especially in the biological fields. To overcome this disadvantage, surface-enhanced Raman spectroscopy (SERS) was adopted. SERS provides greatly enhanced Raman signals from molecules adsorbed onto roughened metal surfaces (e.g., Ag, Cu or Au) at the nanoscale.
14 Current SERS models rely on electromagnetic (EM) field enhancement and chemical enhancement (CE). 15 When metal nanostructures are irradiated by incident light, the oscillating electric field causes an oscillation of the conducting electrons in the metal and leads to EM field enhancement. CE occurs when bond formations between the adsorbed molecule and the metal surface transfer charges via holes or electrons from the metal surface to the molecule, which increases the polarizability of the molecule. 16 17 Therefore, relatively low laser intensity, long wavelengths and rapid signal acquisition times are feasible with a SERS assay. In addition, due to its narrow band spectra and "fingerprint"-like spectral data for various biochemical analyses, SERS can detect the individual components of a multi-component sample. 18 Based on the sensitivity and chemical specificity of the SERS technique, various studies have identified viruses such as bovine leukemia virus (BLV) and respiratory syncytial virus (RSV). However, these methods require multiple steps or the use of expensive labeling probes to achieve more sensitive detection limits. 19 20 Hence, a simpler process for the formation of Au nanodots over a large SERS-active surface area is needed for the development of a label-free virus immunosensor.
In nano-scale fabrication, electrodeposition provides certain advantages in its simple, rapid and cost-effective procedure. Unfortunately, electrodeposition produces nonuniform nanostructures. 21 To overcome this limitation, several studies have been performed. For instance, an anodized aluminum oxide (AAO) mask was used to develop highly uniform Au nanodot patterns; however, this method required multiple steps to produce the nanostructures. 22 Several other factors have also been discussed to control the morphologies of nanostructures, such as applied potentials and surfactants. 21 23 In this study, rapid and sensitive determination of the HIV-1 virus was demonstrated using a SERS-active Au nanodot-fabricated ITO substrate. A simple electrochemical deposition method using Triton X-100 produced highly uniform Au nanodot structures over a large surface area on an ITO substrate. To optimize the formation of the uniform Au nanodot structures, different percentages (w/v) of Triton X-100 were tested. The optical characteristics and distribution of uniformed Au nanodots was verified by scanning electron microscopy (SEM) and ultraviolet (UV) spectrometry. To confirm the ability of the Au nanodot structure to enhance Raman signals, monoclonal antibody fragments against gp120 were selectively bound to the Production of HIV-1 Virus-Like Particles HEK293 T cells were stored at −70 C and cultured in T25 culture flasks (Corning, USA) containing DMEMglutaMax supplemented with 10% FBS and 1% penicillinstreptomycin at an atmosphere of 5% CO 2 at 37 C and 70% humidity. At 80% confluency (i.e., after a period of 2 or 3 days), the cultures were subcultured. The RNA genome sequence of HIV indicates that Gag, Pol and Env are the primary genes that contain the essential information to produce structural proteins, such as capsid proteins and precursor and viral enzymes. 24 Two different plasmids, pCMV-dR8.74 and pDOLHIVenv, containing the Gag, Pol and Env components of HIV-1, were co-transfected into HEK293 cells by CaCl 2 transfection. 25 Co-transfected HEK293 cells were cultured in DMEM medium with 10% FBS and 1% streptomycin-penicillin at 37 C in 5% CO 2 . After culturing the co-transfected cells, supernatants were collected, and HIV-1 VLPs were concentrated by ultracentrifugation (26,000 rpm for 2 h) and resuspended in DMEM. The concentrations of the noninfectious HIV-1 VLPs were determined by a p24 ELISA assay kit (PerkinElmer, Boston, MA) (data not shown).
Fabrication of Au Nanodot Structures and Immobilization of the Antibody
To fabricate the Au nanodot structures on the ITO substrates, a simple, rapid electrodeposition method was employed with a potentiostat (CHI-660, CH Instruments, USA) using a three-electrode system composed of an ITO electrode, a platinum wire and Ag/AgCl/KCl sat as the counter and reference electrodes. 26 ITO substrates (20 mm × 20 mm) were cleaned in sonication baths of 1% Triton X-100 solution, deionized water and ethanol for 15 min each. Subsequently, the substrates were treated with O 2 plasma before use. Briefly, 2 mM HAuCl 4 aqueous solution containing Triton X-100 at −0.9 V (vs. Ag/AgCl) was electrodeposited on the cleaned ITO substrate over a duration of 30 s at RT. The active area for the electrochemical deposition of the Au nanodot was 20 mm × 10 mm. The optical characteristics of the fabricated Au nanodot were obtained by monitoring UV-vis spectral changes using the transmission mode of a JASChe O V-530 UV-spectrometer on a ca. 10 mm × 10 mm surface. Subsequently, the substrates were rinsed with DIW, boiled with isopropyl alcohol and dried under N 2 stream to remove residual surfactants. The antibody fragmentation was performed by following procedures reported in earlier publications. 27 The fragmented antibody, which contained sulfhydryl (thiol) groups, was adsorbed to the fabricated Au nanodot surface and incubated at 4 C overnight. Various concentrations of the HIV-1 VLP antigen (35 fg/mL to 350 pg/mL) were applied to the fragmented antibody (gp120 monoclonal)-immobilized Au surface for immunoreaction, which occurred at 37 C for 1 hr in a humid chamber, and used for further measurements.
Analysis of HIV-1 VLPs by Raman Spectroscopy
The Raman spectrum was measured by an NTEGRA Spectra (NT-MDT, Russia) equipped with a liquid nitrogencooled CCD detector and an inverted optical microscope (OlympusIX71). The XYZ scanning range was 100 m, 100 m, and 6 mm, 3 and the resolution of the spectrometer in the XY plane was 200-500 nm along the Z axis. The Raman spectra were obtained by an NIR laser at a 785 nm wavelength at 3 mW on the sample plane controlled by a neutral density (ND) filter. Samples were exposed to the NIR laser for 5 s; the obtained signals ranged from 400 to 1600 cm −1 and were used as the Raman spectra. A blank spectrum was acquired prior to each step, which allowed the absorbance to be measured.
RESULTS AND DISCUSSION
Fabrication and Characterization of the Plasmon Effect on Au Nanodots The fabrication of SERS-active substrates continues to face several problems, including weak signal enhancement and a lack of uniformity. Therefore, more effective fabrication methods that enhance Raman signals will be required. Au nanodots were fabricated on an ITO surface by a simple electrochemical deposition method. This step was performed in the presence of a surfactant, Triton X-100, to modify the interfacial properties of both the Au 3+ ions and the electrodes to control the morphology of the aggregates. To optimize the formation of uniform Au nanodots, five different concentrations (from 0 to 2% w/v) of Triton X-100 were applied. The results were characterized by SEM (scale. 200 nm) and UV-vis spectrometry (spot range ca. 10 mm × 10 mm, normalized) and compared with a bare ITO substrate ( Fig. 2(a) ). Au nanodots were also fabricated without Triton X-100 ( Fig. 2(b) ). However, the Au nanodots were distributed irregularly with different size range from ca. 10 to 70 nm, which resulted in a broad absorption on the UV spectrometer. When the amount of Triton X-100 was increased to 1%, the distribution of Au nanodots became smaller and more regular and resulted in a narrower absorption band (Figs. 2(c) and (d) ). At concentrations greater than 1%, a few large, clustered Au nanostructures appeared between Au nanodots (Fig. 2(e) ). Due to the irregularly shaped asymmetric structure of the clusters, the near infrared (NIR) absorption band was obtained.
As the concentration of Triton X-100 increased ( Fig. 2(f) ), the large clustered Au nanostructure grew larger and more irregular and resulted in increased NIR band absorption. The development of uniform nanostructures is one of the main concerns for SERS substrates. In this study, the concentration of Triton X-100 was adjusted to develop uniform Au nanodot structures on ITO substrates. SEM images of the fabricated Au nanodot surface (Fig. 2(c) ) clearly demonstrate that at 1% (w/v) Triton X-100, the electrochemical deposition resulted in surfaces with highly ordered Au nanodots. The fabricated Au nanodots were approximately 20 nm in diameter, were separated by 10 nm and demonstrated clear plasmon absorption peaks at ca. 550 nm, which was attributed to transverse electronic oscillation. Upon light exposure of a metal nanoparticle, which is much smaller than the wavelength of light, conducting electrons inside the metal nanoparticle transfer to the plane-wave excitation, which polarizes the particle surface. 28 These polarized charges act as effective restoring forces, allowing for resonance to occur at a specific frequency. Consequently, the resonantly enhanced field inside the particle produces a dipolar field around the particle, which enhances absorption and scattering. Hence, the Au nanodot-ITO substrate enhanced the analyte-detection sensitivity of Raman signals.
Rapid Analysis of Biomolecules Using Surface-Enhanced Raman Scattering
To show the signal enhancement effect of the Au nanodot-ITO substrate, fragmented antibody was self-assembled by gold-thiol interactions, and HIV-1 VLPs were reacted with the antibody for Raman analysis within a spectral range of 400 to 1600 cm −1 (Fig. 3) . The Raman spectrum obtained from the Au substrate-immobilized fragmented antibody shows small increments of the Raman feature within 300 s exposure of the IR laser, but the signal was not sensitive enough to recognize any observable peaks. increased the intensity of the overall spectrum and exhibited typical Raman peaks for the fragmented antibody, including signals for tyrosine (675 and 800-900 cm −1 , C-N bonds (1081 cm −1 , amide III (1240 cm −1 , CH 2 bonds (1449-1451 cm −1 and amide II (1505-1565 cm −1 , after only a 5 s exposure. This result indicated that the NIR laser on the fabricated Au nanodot induced strong surface plasmon effects and resulted in highly enhanced Raman scattering, allowing for rapid measurements. Alternatively, when the Raman spectrum was recorded after the immunoreaction, different Raman peaks were observed due to the presence of HIV-1 VLPs. Based on the difference between the dielectric constants of the Au nanodot and its surrounding components, the peaks in the Raman spectrum were indicative of the sensitive changes in the biological components on the Au nanodot. The presence of a highly ordered Au nanodot with a diameter of ca. 20 nm, which is small relative to the wavelength of the excitation laser (785 nm), allowed the excitation of the surface plasmon to be localized and increased the electric field density. Due to the difference in dielectric constants between the Au nanodot and the surrounding media, the resultant electromagnetic energy density on the Au nanodot functioned as the source of the electromagnetic enhancement, which was the primary contributor to SERS. 29 Because antibody fragments were attached to the Au nanostructure by gold-sulfur interactions, the CE also affected the signal enhancement. However, it is well known that CE enhancements (10 to 10 3 orders of magnitude) are significantly smaller than the contributions provided by EM (10 3 to 10 10 orders of magnitude). 15 Qualitative Analysis of HIV-1 VLPs Using Surface-Enhanced Raman Scattering The energies corresponding to Raman frequency shifts are known to be associated with transitions between different rotational and vibrational states of the scattering molecule. The pattern of a Raman peak is characteristic of a specific molecular species, and its intensity is proportional to the number of scattering molecules at that peak intensity. Thus, a Raman spectrum can be used in qualitative analyses. Viral particles comprise two or three parts: DNA/RNA, a surface protein coat protecting the viral vehicle, and lipids. The Raman spectra of HIV-1 VLPs showed signatures of many different biological components. As shown in Figure 4 , fourteen significant peaks were observed at ca. 493, 515, 581, 703, 717, 880, 974, 1089, 1123, 1157, 1226, 1303, 1456, and 1581 cm −1 . Each peak was associated with the carbohydrates of the viral glycoprotein, enzymes, or lipids, respectively. In a few cases, a single peak represented the contribution of more than one component. The Raman frequencies and assignments are listed in Table I. A majority of the structures of the glycoproteins were carbohydrates in the form of oligosaccharide arrays attached to polypeptide backbones. Consistent with the prediction that an extensive part of the viral particle surface would be covered with carbohydrates, the Raman spectra of HIV-1 were dominated by scattering signals indicative of the constituent carbohydrates. The Raman peaks at ca. 493, 515, 703, 880, 974, 1089, 1123, and 1456 cm −1 were assigned to carbohydrate molecules of HIV-1 VLPs. The peak at ca. 1089 cm −1 was assigned to COH bending. The peak of the vibrational mode of CH 2 bending appeared at ca. 1456 cm −1 . 30 D-Mannose and N -acetylglucosamine were the main components of the gp120 oligosaccharide. 31 The strong bands at ca. 493, 974, and 1123 cm −1 were clearly assigned to D-mannose; the peak at ca. 515 cm −1 was likely attributed to the HIV-1 contains 15 distinct proteins, including a matrix protein (P17) that forms a layer underneath the envelope, a capsid protein (P24) that makes up the core, protein P6, nucleocapsid protein P7, several other important enzymes (e.g., a protease, a reverse transcriptase and an integrase), 33 and the two major glycoproteins gp41 and gp120. 34 The amide I and amide III modes of the backbone are known to be sensitive to the secondary structure of proteins. In the amide III region, the peak at ca. 1226 cm −1 was indicative of a -sheet, and those at ca. 1303 cm −1 were due to the -turn. 35 36 The peaks assigned to C-N stretching vibrations occurred at ca. 1089, 1123 and 1157 cm −1 , and the CH 2 bending peak was clearly shown at ca. 1456 cm −1 . Aromatic residues from protein side chains, such as the indole ring of tryptophan, were found at ca. 581, 880, and 1581 cm −1 . Additionally, disulfide bonds and sulfhydryl groups were observed at ca. 515 cm −1 for S-S bond stretching vibrations. The peaks at ca. 703 and 717 cm −1 may have resulted from the transformations of C-S stretching vibrations. 37 The Raman peaks assigned to viral membrane lipids appeared at 717, 1089 and 1123 cm −1 , which were indicative of the C-N symmetrical stretching bond of a choline group and the gauche and trans configurations of the C-C backbone, respectively. 38 Quantitative Analysis of HIV-1 VLPs Using Surface-Enhanced Raman Scattering The dominant Raman peaks observed for HIV-1 VLPs were attributed to the carbohydrate components of the viral glycoprotein, protein and lipid. The Raman peaks of D-mannose and N -acetylglucosamine were obvious due to the -configuration in the C1 position in D-mannose. The secondary structure of the viral protein contained -sheets and -turns. In addition, peaks attributed to tryptophan and the disulfide bonds were observed. The viral lipid bilayer molecules were likely in a liquid-ordered phase or a gel phase. In Figure 4 , different concentrations of the HIV-1 VLPs, ranging from 35 fg/mL to 350 pg/mL, on were examined to determine the relationship between the HIV-1 VLP concentration and peak intensity. The increase in Raman intensity was presumably caused by the immunoreaction on the Au nanodot-ITO substrate. The Raman intensity of each component peak was estimated to be linearly correlated with the concentration of HIV-1 VLPs (from 35 fg/mL to 350 pg/mL). The linear relationships between the log of the HIV-1 VLP concentration and the SERS intensity of the component peaks are shown in Figure 5 . For each concentration of HIV-1 VLPs, the obtained Raman peak signal of each component (493, 581, 703, and 1226 cm −1 was normalized to a standard point signal (at 632 cm −1 to remove any signal-to-noise effects [height (components)-height (standard at 632 cm −1 ] and plotted. In examining the relationship between the log of HIV-1 VLP concentration and the SERS peaks, the calculated SERS intensities of the component peaks showed varying increases in signal, due to the different distances relative to the Au nanostructure. The Raman peak observed at 493 cm −1 (D-mannose) showed a linear relationship with a sensitivity increase of ca. 48.33. The peak belonging to the indole ring mode of tryptophan at 581 cm −1 also showed a linear correlation with a sensitivity increase of ca. 12.58. The peaks for N -acetyl glucosamine and C-S bond stretching vibrations appeared at 703 cm −1 and demonstrated a linear relation with a sensitivity increase of ca. 44.81. The Raman peaks of the -sheet and -turn of the amide III region showed a linear correlation at 1226 cm −1 with a sensitivity increase of ca. 175.8. These results demonstrate the successful detection of HIV-1 VLPs in a Raman spectrum. This technique is sufficiently sensitive and selective to study HIV-1 and its components.
CONCLUSION
In this study, HIV-1 VLPs were successfully measured by a rapid and sensitive SERS technique based on an immunoreaction on an Au nanodot-ITO substrate. Highly ordered Au nanodots were fabricated over the surface area of an ITO substrate by simple electrochemical deposition methods. Due to the excellent optical properties of the Au nanodot-ITO substrate, various concentrations of HIV-1 VLPs were effectively and rapidly determined by surface-enhanced Raman scattering induced by specific immunoreactions on the Au nanodots (without using labeling probes). Based on these advantages, the herein proposed method for viral detection may be used as a promising tool for the early diagnoses of infectious small biological/chemical components. The development of a high-quality screening assay based on SERS-related techniques will help us to understand associated diseases and lead to more effective therapeutic treatments. 
